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Abstract  
Objectives: Sensory modulation patterns contribute to altered pain perception and 
disengagement in activities; atypical sensory modulation patterns have been 
associated with higher pain sensitivity, catastrophizing, and reduced function. 
Objectives of this study were to ascertain whether: adolescents with persistent pain 
had atypical sensory modulation patterns, atypical sensory modulation was associated 
with reduced functioning and higher pain, and pain catastrophizing mediated the 
relationship between sensory modulation and functional disability.  
Methods: Adolescents (N = 70, Females = 63, Males = 7) attending tertiary level 
interdisciplinary team assessment for persistent pain completed sensory modulation 
(Adolescent/Adult Sensory Profile), pain catastrophizing (Bath Adolescent Pain 
Questionnaire), pain intensity, functional disability (Functional Disability Index), and 
quality of life (Pediatric Quality of Life (QOL) Scales) questionnaires. 
Results: Adolescents with persistent pain had atypical patterns of sensory modulation 
compared to normative data. Sensory modulation patterns were not associated with 
pain intensity; however, higher sensitivity was associated with greater disability (r = 
.36, p < .01), and lower registration of sensation was associated with poorer emotional 
(r = .31, p < .01), social (r = .35, p < .01), and school-related (r = .49, p < .001) QOL. 
Sensory modulation, pain intensity, and catastrophizing contributed independently to 
disability; catastrophizing mediated sensory sensitivity and both functional disability 
and emotional QOL.  
Discussion: This study is the first to demonstrate that atypical sensory modulation 
patterns are associated with poorer function for adolescents with persistent pain, 
suggesting that individualized sensory-informed interventions can potentially 
facilitate participation in daily activities and improve QOL. 
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Introduction  
Twenty-five percent of adolescents report persistent pain [1, 2] that can be associated 
with disrupted engagement in daily life and social roles, reduced school attendance, 
disturbed sleep, and impaired physical capacities [3-5]. Persistent pain in adolescence 
can continue into adulthood [6, 7] and dysfunction may impede the process whereby 
adolescents acquire the adaptive skills essential for successful development [8].  
Psychological therapies may reduce pain intensity for adolescents with persistent pain 
[9, 10]. However, current evidence indicates limited improvement in disability at 
follow-up for those with non-headache pain, and for those attending tertiary care [11]. 
There is a need to explore further contributors to pain and dysfunction for adolescents 
with persistent pain that may be addressed by intervention. 
Pain is elicited when sensory input is perceived to indicate biological, social, or 
psychological threat [12-15]. Bodily sensations that alert the individual to possible 
harm emerge through the complex process referred to as sensory modulation [16, 17]. 
Sensory modulation encompasses the registration and integration of multimodal 
sensory stimuli, and the interpretation of sensation according to previous experience, 
and links with emotional and cognitive states to evoke regulatory and behavioral 
responses. This sensory, affective, and cognitive process has an ecological context, 
supporting adaptive responses within natural environments [18, 19].  
Sensory modulation patterns have genetic origins [20, 21], observed as trait-based 
patterns of response across the lifespan [22, 23], that can be modified by 
environmental factors, such as exposure to developmental trauma or emotionally 
attuned parenting [20, 24-27]. Responses are considered “disordered” if an individual 
“…has difficulty responding to sensory input with behaviour that is graded relative to 
the degree, nature or intensity of the sensory information” [28] (p.136). Children with 
sensory modulation disorder have altered processing of multimodal sensory input 
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[16], low vagal tone (i.e., less likely to inhibit sympathetic nervous system activity 
even in safe environments) [29, 30], and decreased participation in daily activities 
[31, 32].  
Atypical sensory modulation can be categorized as: sensory seeking/craving, sensory 
over-responsive, or sensory under-responsive [28, 31]. Typically, seeking novel 
sensory input supports learning and development in childhood and adolescence [33]. 
Sensory seeking/craving interrupts attention, and evokes unsafe behaviors [28]. 
Children and adults with sensory over-responsiveness perceive higher pain and have 
pain of longer duration [34, 35]. Prolonged firing of ascending nociceptive neurons 
was found in those with SOR, consistent with central sensitization [36]. Similarly, 
children and adolescents with various persistent pain conditions and high sensitivity 
report higher pain intensity [37-39]. Higher sensitivity to bodily pain in healthy adults 
with sensory over-responsiveness is associated with poorer physical quality of life 
(QOL) and has been found to interrupt work and household performance [18, 40]. 
Sensory under-responsiveness is associated with high neural thresholds (requiring 
high levels of sensory input to register change), reduced awareness of the body and 
surrounding world, poor sensory discrimination, and passive behavioral responses 
[28, 41]. Healthy adults with sensory under-responsiveness have been found to have 
lower emotional and mental health-related QOL [40].   
Catastrophizing is a psychological, cognitive response that is evoked by higher levels 
of arousal and affective states, specifically fear, that leads to inhibited behaviors and 
disability [42]. In children and adolescents with persistent pain, pain catastrophizing 
is directly associated with functional disability [43-45], and has been found to 
function as a mediator on the pathway from pain intensity to functional disability, via 
pain-related fear and avoidance of activity, supporting the Fear-Avoidance model of 
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Chronic Pain [46]. For children with sensory modulation disorder, heightened arousal 
and affective changes in response to multisensory input [29, 30] may evoke 
catastrophizing cognitions, which in turn increases disability. While this has not been 
investigated in children or adolescents, sensory over- and under-responsiveness has 
been positively associated with pain catastrophizing in healthy adults [18, 47]. In 
adults with sensory over-responsiveness, heightened sensitivity to multisensory input 
was more strongly associated with negative hedonic and aversive aspects of sensation 
than heightened sensitivity was to pain catastrophizing [18]. Although Bar-Shalita and 
colleagues [18] recognized that catastrophizing might contribute to lower QOL, they 
concluded that negative emotional responses related to heightened sensitivity were 
more likely to reduce QOL. Based on this evidence, it would be expected that, for 
children and adolescents with persistent pain, atypical sensory modulation would be 
associated with higher disability and poorer QOL, with pain catastrophizing 
mediating this relationship. Although atypical sensory modulation has been linked 
with higher pain sensitivity in laboratory conditions, and poorer functional ability for 
healthy children, the sensory modulation patterns of children and adolescents with 
persistent pain have not been empirically investigated. Further, the associations 
between various sensory modulation patterns and both pain intensity and adaptive 
function have not yet been considered for young people.  
The aim of this exploratory study is to investigate whether sensory modulation 
patterns are associated with pain and function in adolescents with persistent pain. It is 
hypothesized that: (1) adolescents with persistent pain will report more atypical 
sensory modulation compared to normative data [22], (2) atypical sensory modulation 
will predict higher levels of pain intensity and disability, and lower QOL, and (3) 
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catastrophizing will mediate the relationships between sensory modulation patterns 
and disability.  
Method  
This study used a cross-sectional quantitative design. Ethics approvals were obtained 
from the Royal Children’s Hospital Ethics Committee (HREC Ref No 35119 A) and 
The University of Queensland (2015001033). 
Procedure 
All adolescents aged 13-18 years and their parents, attending a major metropolitan 
children’s pain management clinic for multidisciplinary assessment between October 
2015 and May 2017, were invited to participate in the study. Families were contacted 
prior to their appointment, provided with information about the questionnaires, and 
emailed a unique personal online link. Parents and adolescents were sent information 
letters and consent forms, and the voluntary nature of the study was emphasized. 
Questionnaires were completed either at home via the protected email link, or in 
paper form at the clinic during a break in their initial assessment appointment.  
To be eligible for the study, adolescents needed to be English speaking, with pain of 
at least three months duration or a specific pain condition, such as complex regional 
pain syndrome (CRPS). As sensitivity to multimodal sensory input, pain 
catastrophizing, and pain intensity are subjective experiences, it was essential that 
those participating could independently complete self-report measures. Thus, 
adolescents with cognitive or physical developmental delays who were unable to 
complete self-report questionnaires independently were excluded from the study. Pain 
medicine physicians made diagnostic classification for specific pain conditions, such 
as CRPS. For participants who did not meet specific diagnostic criteria, the primary 
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pain site was categorized: head, abdomen, upper limb, lower limb, back, hip, 
widespread body pain, or other.  
Parents provided demographic information. Socioeconomic status (SES) of the family 
was ascertained using the Index of Relative Socio-Economic Disadvantage, which 
was calculated according to the Australian Bureau of Statistics criteria [48]. The 
categories rank from 1 = most disadvantaged to 10 = least disadvantaged, taking into 
account factors such as single parent families, employment, income level, language 
spoken at home, and disability within households.  
Measures 
Sensory Modulation  
Sensory modulation was measured using the Adult/Adolescent Sensory Profile 
(AASP) [22], a 60-item, self-report questionnaire validated for adolescents, aged from 
11 years, and adults. The AASP was developed in the United States, is used clinically 
by therapists in Australia, and has been found to have cross-cultural application in a 
study comparing the validity of the AASP with the Sensory Processing Measure [49]. 
For the AASP, a continuum for neural thresholds (the activation point at which 
sensory nerves register change) is combined with a behavioral continuum (passive 
through to active behavioral responses), to create four sensory modulation patterns 
based on factor analyses. Adolescents with more passive behavioral responses tend to 
accept bodily sensations and sensory input related to the environment, whereas those 
with more active responses tend to actively withdraw from noxious sensory input, or 
to change the environment to meet needs based on sensory thresholds. The four 
patterned responses are: (1) Sensory Sensitivity (low thresholds, high sensitivity, and 
passive behavioral response), (2) Sensory Avoiding (low thresholds, high sensitivity, 
and active avoidance of sensation), (3) Low Registration (high neural thresholds, 
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reduced sensory awareness, passive behavioral response), and (4) Sensory Seeking 
(high neural thresholds, active behavioral responses) [22]. Items in the AASP have an 
ecological context, in contrast to specific quantitative sensory testing, i.e., they take 
into account the multi-sensory modulation of sensory input that takes place in 
everyday life, and the subsequent organization of behavioral responses. Example 
questions are, “I don’t seem to notice when my face or hands get dirty” (low 
registration), and “I avoid elevators and /or escalators because I dislike the 
movement” (sensory avoidant). Items are rated on a 5-point scale where 5 = almost 
always, and 1 = almost never. Coefficient alphas were reported to range from 0.65 to 
0.75, indicating adequate internal reliability [22]. Values for Standard Error of 
Measurement ranged from 4.01 to 4.51 indicating adequate external reliability of the 
AASP for adolescents in the normative sample, and relative stability of the sensory 
modulation pattern [22].  
Function: Adolescents completed the Functional Disability Index (FDI) [50], a self-
report measure of physical functioning. The measure includes 15 items concerning 
activity limitations in the last two weeks. An example question is, “In the past two 
weeks, would you have any physical trouble or difficulty walking up stairs”. Each 
item is scored on a scale of 0-4 where 0 = no trouble and 4 = impossible. Higher 
scores indicate higher levels of disability. The FDI has been validated in pediatric 
persistent pain populations (aged 8-17 years) [51], and found to have high levels of 
internal consistency (alpha coefficients of 0.91 for girls and 0.87 for boys), high test-
retest reliability, and correlations with measures of school-related disability, pain, and 
other somatic symptoms. 
Quality of Life (QOL): The Pediatric Quality of Life Inventory (PedsQL) [52] is a 
self-report measure in which adolescents rate the extent to which they have problems 
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in physical, emotional, social, and academic functioning. Items are rated on a scale of 
0 (never have problems) to 4 (almost always a problem), and items are reverse scored 
and linearly transformed into a scale of 0-100 in which higher scores mean better 
functioning. An example question is, “In the last month, how much of a problem has 
this been for you…. I have trouble getting along with other teenagers” (social 
dimension). The PedsQL has been validated with children/adolescents aged 8-18 
years and has been found to have strong internal consistency (α=0.88) [52] and high 
levels of reliability and validity in pediatric pain populations [53].  
Pain Intensity: The adolescent’s pain intensity was measured using a Visual 
Analogue (VAS), which is an 11-point numerical rating scale on which the adolescent 
rates his/her pain from 0 = no pain to 10 = worst pain ever. Ratings on the VAS (0-
10) were made for average pain over the past week. The VAS has strong 
psychometric qualities, has been validated for children/adolescents aged 8-18 years, 
and correlates well with the Faces Pain Scale [54].  
Pain Catastrophizing: Adolescents completed the pain-specific anxiety subset (pain 
catastrophizing) of the Bath Adolescent Pain Questionnaire (BAPQ-PC) [55] which 
has been validated in adolescents aged 13-18 years. The BAPQ-PC contains seven 
items that are scored between 0 (never) and 4 (always). A sample question is, “When 
I think of my pain, it makes me upset”. Higher scores on the BAPQ-PC indicate 
higher levels of pain catastrophizing. The measure has been found to have adequate 
reliability and validity, and correlates highly (r=0.69, p<0.01) with the Pain 
Catastrophizing Scale [45] when validated in a population of adolescents with 
persistent pain [55].  
Data Analysis 
Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of the article is prohibited.
Statistical analysis was performed using Stata 13.0. The means, standard deviations 
and Cronbach alpha coefficients were calculated for study variables. Correlational 
analyses and one-way analyses of variance (ANOVA) were conducted between 
demographic variables (age, socio-economic status) and pain intensity, pain 
catastrophizing, functional disability, QOL, and the sensory modulation patterns 
(sensory sensitivity, sensory avoiding, low registration and sensory seeking). Because 
of the observation that different quality of life domains were associated with varied 
sensory modulation patterns in adults, the total PedsQL score was not included in 
analyses. Instead, the four domains of the PedsQL (physical, emotional, social and 
school) were considered as separate dependent variables to ascertain whether sensory 
modulation patterns were associated with specific limitations in QOL. Pain sites were 
not considered separate categorical variables in the study, as central sensitization was 
likely to be a process underlying the pain experience for all participants, given that 
pain had persisted for over three months [36]. 
The sensory modulations patterns on the AASP are scored as a continuous scale, 
which can also be converted to a categorical measure. The sensory modulation 
patterns of adolescents with persistent pain were compared to age-grouped normative 
data according to both these measures [22]. Using the continuous scale, the mean 
score for each sensory modulation pattern for adolescents with persistent pain was 
compared to the mean score for the normative group using independent samples t-
tests. For the categorical measure, five mutually exclusive categories are created. 
Within the normative sample for the AASP, respondents are categorized, according to 
the position of their score for low registration/ sensory seeking/ sensory sensitivity/ 
sensory avoiding, on the standard bell curve [22]. Scores that are within one standard 
deviation above and below the mean (68%) indicate typical sensory modulation. 
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Respondents who score between one and two standard deviations above (14%) or 
below (14%) the mean are considered to have definite differences in sensory 
response, or atypical neural thresholds and responses. For example, a score for 
sensory sensitivity within these ranges would be considered “more sensory sensitive” 
or “less sensory sensitive” than typical. Likewise, scores more than two standard 
deviations above (2%) or below (2%) the mean are considered atypical, and are 
categorized as “much more sensory sensitive” or “much less sensory sensitive” [22]. 
The score that adolescents with persistent pain received for each sensory modulation 
pattern was categorized according to the position of the score on the normative scale. 
The percentage of adolescents with persistent pain in each category was compared to 
the percentages in the normative group using the chi-square goodness of fit test.  
For this study, consistent with Bar-Shalita et al. [34], respondents who scored more 
than one standard deviation above the mean for sensory sensitivity and sensory 
avoiding categories were considered to have sensory over-responsiveness. 
Adolescents who received higher scores (more than one standard deviation above the 
mean) for low registration were considered to have sensory under-responsiveness. 
Scores more than one standard deviation above the mean for sensory seeking 
represented sensory seeking/craving. 
Hierarchical linear regressions were performed to examine whether sensory 
modulation patterns (as measured using the continuous scales) predicted functional 
disability or QOL. The demographic or study variables that correlated with functional 
disability and QOL were included as covariates, and added into the first step of the 
regression analyses. In the second step of the analyses, pain catastrophizing was 
added to each model. Regression models were run for each independent variable 
(sensory modulation pattern) and dependent variable (functional disability, and 
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physical, emotional, social and school-related QOL). Residual variables were tested 
for normality and multicollinearity following regression analyses. 
Mediation was calculated according to the procedure recommended by Zhau, Lynch 
and Chen [56] (see Figure 1). The indirect effect of sensory modulation on functional 
disability/QOL domains was first calculated, including pain catastrophizing as the 
mediator variable in the equations, using the Preacher and Hayes bootstrap method 
(using 5000 samples, 95% confidence interval) [57]. If the indirect effect of sensory 
modulation on functional disability/QOL was significant, the hypothesized mediation 
model was supported. Regression analyses were then performed to calculate the direct 
effect and classify the type of mediation: (1) complementary mediation if the 
mediated and direct effect was significant and pointed in the same direction, (2) 
competitive mediation if the mediated and direct effect was significant and pointed in 
opposite directions, and (3) indirect effect only if the direct effect was not significant. 
Complementary and competitive effects suggest the likelihood of an omitted mediator 
(i.e. further research is required to identify other mediators in the model).  
Results 
Descriptive Statistics 
The demographic data of the participants is presented in Table 1. Of the 106 
adolescents who met the eligibility criteria, 76 (72%) consented to participate, and 70 
(66%) provided full data sets; 26% of participants had pain duration between 3 and 12 
months, and 74% had pain of over twelve months duration. Two adolescents were 
diagnosed with CRPS. None of the adolescents had specific disease-related diagnoses, 
such as sickle cell anaemia or juvenile idiopathic anemia (JIA), and none were 
receiving active treatment for cancer-related illness. Diagnosis and gender were not 
included in analyses since only two adolescents were diagnosed with a specific pain 
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condition, while only seven participants were male. Preliminary analyses showed no 
notable differences in results for the full sample and the sample with girls only, so 
boys were retained for further analyses. 
Initial data checking revealed that all dependent and independent variables were 
normally distributed. Descriptive statistics for study variables are presented in Table 
2.  
Comparisons of sensory modulation patterns 
Independent samples t-tests showed that adolescents with persistent pain had 
significantly higher mean scores on three of the four continuous sensory pattern 
variables compared to the normative sample [22]: low registration (pain sample M = 
36.42 vs. normative data M = 33.57; t (69)=2.45, p < 0.05); sensory sensitivity (pain 
sample M = 38.03 vs. normative data M = 33.98; t (69) = 3.65, p < 0.001); and 
sensory avoiding (pain sample M = 37.29 vs. normative data M = 33.02; t (69) = 4.00, 
p < 0.001). In contrast, the score for sensory seeking was significantly lower for 
adolescents in pain (M = 41.17 vs. normative data M = 49.42; t (69) = -10.4, p < 
0.0001).  
A chi-squared (χ2) test of goodness of fit was performed to compare the adolescents 
with persistent pain with the normative group [22] according to the modulation 
categories (much less than typical, less than typical, typical, more than typical, much 
more than typical) for each sensory modulation pattern. Adolescents with pain were 
found to have a significantly different distribution for low registration (χ2 (4) = 13.44, 
p = 0.009), sensory seeking (χ2 (4) = 36.79, p < 0.001), sensory sensitivity (χ2 (4) = 
19.26, p = 0.001), and sensory avoiding (χ2 (4) = 13.87, p =0.008) patterns of sensory 
modulation. 
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A high percentage of adolescents with persistent pain had sensory over-
responsiveness: 41.4% scored as more sensory sensitive compared to 16% in the 
normative sample [22], and 35.7% of the pain sample scored as more sensory 
avoiding, compared to 16% in the normative data. A high percentage of adolescents 
with persistent pain were sensory under-responsiveness: 35.7% compared to 16% in 
the normative sample [22]; 50% of the persistent pain sample scored more than one 
standard deviation below the mean for sensory seeking, compared to 16% of the 
normative sample. Nineteen (27%) of the adolescents had atypical scores for three or 
more sensory modulation patterns, displaying atypical sensory 
sensitivity/avoiding/seeking and/or low registration, and five of these (7%) had 
atypical scores in all four sensory modulation patterns. Functional disability scores, 
and physical, emotional, social and school-related QOL scores were compared for two 
groups in the present persistent pain sample: (1) the group of adolescents who had 
atypical sensory modulation scores on three or more sensory patterns, and  (2) the 
group who scored in the atypical range for sensory modulation on less than three 
sensory patterns. One-way ANOVA showed no significant difference in scores for 
functional disability (F (1,68) = 1.3, p = .25), physical (F (1,68) = .6, p= .44), 
emotional (F (1,68) = 1.48, p= .22), social (F (1, 68) = .55, p= .46), or school-related 
(F (1,68) = 2.25, p= .13) QOL based on group. 
Correlations among variables 
Correlations were calculated between age, socio-economic status, pain intensity, QOL 
domains, functional disability, pain catastrophizing, and continuous sensory 
modulation patterns (sensory sensitivity, sensory avoiding, sensory seeking, low 
registration). As seen in Table 2, pain intensity was correlated positively with 
functional disability, negatively with QOL dimensions, and was not correlated with 
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sensory modulation patterns. Significant positive correlations were found between 
sensory sensitivity and functional disability.  Significant negative correlations were 
found between both sensory sensitivity and sensory avoiding, and all QOL 
dimensions (physical, emotional, social, and school-related). Sensory seeking was not 
correlated with functional disability or QOL domains. Low registration was not 
correlated significantly with disability, but was found to have negative correlations 
with emotional, social and school-related QOL. Pain catastrophizing correlated 
positively with sensory sensitivity and functional disability, and negatively with QOL 
dimensions. There were strong correlations between low registration, sensory 
sensitivity and sensory avoiding patterns. As a result of these associations, pain 
intensity was retained as a control variable in regression analyses. 
Overview of regression analyses 
Hierarchical regression analysis was used to examine whether functional disability 
and QOL variables were predicted by sensory modulation patterns (see Table 3). 
Initially sensory sensitivity, sensory avoiding and low registration were included as 
predictors in the models, and pain intensity was included as a covariate. In the second 
step, pain catastrophizing was added to the model. Regression analyses were not 
conducted for the sensory seeking variable, as correlations between this sensory 
modulation pattern and both function and QOL were not significant.  
Physical Quality of Life 
In the hierarchical regression analyses examining whether sensory modulation 
variables predicted physical QOL, sensory sensitivity, sensory avoiding and low 
registration were not found to have a significant effect on physical QOL when pain 
intensity, and then pain catastrophizing, were included as covariates.  
Emotional Quality of Life 
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Sensory sensitivity, sensory avoiding and low registration did not significantly predict 
emotional QOL when pain intensity was included in the regression equation. In the 
second step of the hierarchical regression, with both pain intensity and catastrophizing 
as covariates, low registration became a significant predictor of emotional QOL.  
Social Quality of Life 
Low registration significantly predicted social QOL, with sensory sensitivity, sensory 
avoiding and pain intensity included in the model, and when pain catastrophizing was 
added.  
School-related Quality of Life 
Low registration significantly predicted poorer QOL with sensory sensitivity, with 
sensory avoiding and pain intensity included in the model, and when pain 
catastrophizing was added.  
Functional Disability 
Sensory sensitivity significantly predicted functional disability when pain intensity, 
sensory avoiding and low registration, were included as control variables. Sensory 
sensitivity was no longer a significant predictor of disability in the second step of the 
regression analysis. 
Mediation Analysis 
An indirect relationship was not found between sensory avoiding and functional 
disability or the QOL domains. Likewise, an indirect relationship was not found 
between low registration and functional disability or the QOL domains. Sensory 
avoiding and low registration had a direct effect only on emotional, social, and 
school-related QOL. Therefore, pain catastrophizing did not mediate the relationships 
between low registration/sensory avoiding and the dependent functional disability or 
QOL variables. Further, an indirect relationship was not found between sensory 
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sensitivity and physical, social, and school-related QOL (see Table 4). Sensory 
sensitivity did have a significant direct effect on these dependent variables. Sensory 
sensitivity was found to have an indirect effect on functional disability and emotional 
QOL when pain catastrophizing was included in the equations. Further regression 
analyses demonstrated that sensory sensitivity also had a significant direct effect on 
functional disability and emotional QOL. As the mediated and direct effects were 
significant and pointed in the same direction, pain catastrophizing was found to have 
a complementary mediating effect on both functional disability and emotional QOL.  
Discussion  
Adolescents with persistent pain in this study reported atypical sensory modulation 
patterns with a high proportion demonstrating atypical sensory processing in three or 
more sensory modulation patterns. Higher pain intensity was not associated with 
sensory over- or under-responsiveness. There was an association between atypical 
sensory modulation and functional disability and poorer QOL with pain 
catastrophizing mediating these links.  
As hypothesized, adolescents with persistent pain were more likely to report sensory 
over-responsiveness (higher levels of sensory sensitivity and sensory avoiding), 
and/or sensory under-responsiveness (low registration) compared to a normative 
sample. They were also more likely to report lower levels of sensory seeking. These 
patterns suggest that these adolescents will be less likely to seek new sensations and 
experiences, which potentially limits opportunities by which to develop adaptive 
functional skills [58]. 
Notably, a high proportion of these adolescents in pain had atypical sensory 
processing in three or more sensory modulation patterns. These patterns of sensory 
modulation have been reported in children and adults with autism spectrum disorder 
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[59, 60], and in adults with major affective disorders [61, 62] and obsessive 
compulsive disorder [63]. Although it is possible that these conditions may have been 
present in our study cohort, they were not assessed for. Previous studies in 
adolescents with persistent pain have not consistently demonstrated any difference in 
depression and anxiety compared to healthy populations [4]. However, those with 
persistent pain and sensory modulation disorder together may represent a particularly 
vulnerable population, and the associations between affective disorders and functional 
disability needs to be considered clinically, and in future research, for this group.  
More than a quarter of the adolescents with persistent pain had a combination of 
sensory under- and over-responsiveness, a pattern also reported in adults with 
alexithymia [64].  Alexithymia is a personality construct typified by poor emotional 
recognition and ability to identify feelings, which is associated with increased 
affective (or emotional) pain, but lower sensory awareness of pain [65]. The rate of 
alexithymia in adolescents with persistent somatoform pain disorder is higher than in 
healthy controls [66], and may be related to sensory modulation. Alexithymia was not 
assessed for in the present study, and the relationship between alexithymia and 
sensory modulation requires further investigation in this clinical population. 
The combined pattern of sensory over- and under-responsiveness has also been found 
in adults with affective disorders and exposure to childhood trauma [61], and adults 
with post-traumatic stress disorder, who have high levels of arousal [67]. Individuals 
with extremely over-aroused systems may shift into dissociated, or shut down states 
to limit, and cope with, high levels of trauma-related sensation [68, 69]. This may 
limit conscious awareness of distressing physiological states related to fear or terror, 
while the individual maintains a high level of vigilance to the environment. Adults 
with persistent pain report higher levels of childhood abuse and trauma than healthy 
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controls [70]. The exposure of adolescents with persistent pain to childhood trauma 
requires further consideration in the clinical setting, and as a research construct, 
particularly for adolescents with atypical sensory modulation. 
In contrast to initial expectations, higher levels of pain intensity were not associated 
with sensory over- or under-responsiveness. This finding contrasts with previous 
evidence in which pain intensity was higher for more sensitive individuals [34, 71] 
and for adolescents with persistent pain and low neural thresholds in quantitative 
sensory testing [37-39, 72-77]. However, the finding is consistent with evidence that 
adults with sensory modulation disorder did not have greater pain sensitivity than 
those without sensory modulation disorder, when pain sensitivity was examined in an 
ecological context [18]. Children and adults with sensory over-responsiveness have 
been shown to have altered sensory processing whereby, while peripheral neural 
thresholds are not lower, pain lasts longer [34, 35]. Bar-Shalita and colleagues [18] 
proposed that this is due to difficulties processing the multi-sensory input that occurs 
in daily life, or affective processing related to multi-sensory input. Adolescents with 
persistent pain may not have lower sensory thresholds as measured quantitatively, and 
thus do not report discomfort related to specific sensory modalities, yet report 
behavioral over-responsiveness to multisensory input as determined using contextual 
measures.  
Importantly, we demonstrated associations between sensory modulation patterns, 
functional disability, and poorer QOL in adolescents with persistent pain. These 
findings are consistent with lower participation in daily activities of typically 
developing, healthy children with sensory modulation disorder [31, 32], and the 
poorer physical and mental health-related QOL reported for healthy adults with 
atypical sensory modulation [18]. The adolescents in this study had moderate to high 
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levels of disability, similar to the levels reported by a sample of adolescents recruited 
from a specialist pain clinic [78], and children and adolescents with fibromyalgia and 
back pain [79].  
Low registration contributed to the variance in emotional, social, and school-related 
QOL, independent of pain intensity and catastrophizing. This is consistent with the 
poorer emotional QOL of adults with low registration [18, 40]. Typically, low 
registration is linked with lack of awareness of sensory input, limited drive to 
socialize, low energy, and avoidance of movement [28, 80]. This sensory modulation 
pattern may trait-related; however, sensory under-responsiveness and disengagement 
in social and school-related functioning may represent an adaptive response that has 
historical origins for the individual. The low sensory awareness of adolescents with 
persistent pain is similar to the sensory processing profiles observed in children and 
adolescents attending a camp for at-risk youth [81].  Purvis et al. (2013) observed that 
children and adolescents who reported deficits in tactile, proprioceptive, and 
vestibular awareness had associated insecure attachment. It has been suggested that 
the struggle of adolescents with persistent pain to identify and communicate negative 
emotional states is related to attachment styles developed in early childhood [82]. 
Under-responsiveness may reflect the development of a pattern of sensory modulation 
that decreases awareness of uncomfortable sensations in non-supportive, traumatizing 
environments, and prioritizes protection and engagement with safety figures, rather 
than engagement in learning and growth-based activities [68]. Sensory over- and 
under-responsiveness has been correlated with insecure attachment for children [95] 
and adults [96-98]; thus, the relationships between sensory processing patterns, 
attachment patterns, and function for children and adolescents with persistent pain, 
and the impact of threatening environments, should be further investigated. 
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The findings of the present study showed that pain catastrophizing had a 
complementary mediating effect on the relationships between sensory sensitivity and 
both functional disability and emotional QOL. The complementary finding suggests 
that the hypothesized model includes omitted mediators. Catastrophizing may be an 
adaptive strategy by which adolescents enlist the support of parents or others to 
manage persistent pain [83]. Including attachment relationships in the mediation 
model may further develop the hypothesized model, explaining the pathway by which 
sensory sensitivity contributes to emotional QOL and functional disability through 
pain catastrophizing. Alternative models, such as whether sensory modulation 
variables mediated the relationship between pain catastrophizing and functional 
disability or QOL, also require further investigation. However, the current finding is 
in accord with the Fear-Avoidance Model of Chronic Pain, which posits that an injury 
and high pain severity, if perceived to be threatening, results in catastrophic 
cognitions that render the individual more likely to respond with pain-related fear and 
avoidance behavior [46]. In the present study, however, rather than pain severity 
being the trigger, the pathway moves from sensory sensitivity to higher 
disability/lower QOL via pain catastrophizing: the pathway from sensitivity to 
decreased function and poorer emotional QOL was mediated by catastrophic 
cognitions.  
According to neuro-occupation theory [84], when an individual functions within 
complex, dynamic environments, engagement in activity commences with the 
processing of sensory information and emotional states. Atypical sensory modulation 
is associated with increased sympathetic activity [29, 30], which increases awareness 
of sensation and threat, and can drive pain-related perseverating, worrying and 
catastrophizing cognitions [85, 86]. These pain-related cognitions are integrated with 
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current and previous sensory experiences to create the perception of pain, and the 
intention to act through non-linear neural processing [58, 84]. The adolescent then 
engages, or disengages, in activity. Drawing on this theory, the pathway to disability 
may start with regulatory responses associated with high or low sensory 
responsiveness, rather than a specific injury, which then induce catastrophizing. This 
pathway warrants further empirical attention. 
Clinical Implications 
These exploratory study findings that sensory modulation patterns are associated with 
functional impairment and lower QOL suggest the potential value of addressing 
sensory modulation in clinical settings. For adolescents with sensory over- or under-
responsiveness, Sensory Modulation Therapy [87] may support integration of 
sensation, regulation of arousal levels, and the selection of adaptive behavioral 
responses within varied environments [41, 87]. The aim of sensory modulation 
therapy is to support adaptive functioning within natural environments, rather than to 
change the underlying well-established, trait-based sensory modulation patterns. 
Sensory Modulation Therapy selects specific sensory-based input, which is body-
based or derived from the environment, to assist adolescents to regulate states of 
emotional arousal. For example, proprioceptive, deep tactile, and vestibular input can 
have a calming, organizing effect on the central nervous system, which can lower 
arousal levels for adolescents with sensory over-responsiveness. In contrast, visual, 
auditory and oral sensory input can have an alerting effect for adolescents with 
sensory under-responsiveness, which can support the discrimination of sensory input 
and emotional states [88]. For adolescents with low registration, more clearly 
identifying bodily and emotional states may support the communication of such states 
with parents, teachers, and peers, and improve social functioning. As yet there is no 
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evidence that sensory integration and sensory modulation treatments are effective for 
adolescents with persistent pain. However, there is evidence that such approaches 
support improved engagement in functional activity for children and adolescents with 
sensory modulation disorder [89, 90].  
The pathway from sensory sensitivity to disability and poorer emotional QOL via 
catastrophizing also needs to be considered in treatment. The implications of these 
findings are twofold: firstly, for highly sensitive adolescents, psychological therapies 
that address catastrophizing may contribute to improved function, and have yet to be 
investigated empirically. Secondly, by applying sensory-based approaches, which 
engender a calm, focused “just right”, socially engaged state [87, 91] catastrophizing 
may be diminished, and alternative cognitive, verbal-based coping strategies may be 
enlisted to improve function. The value of the new evidence presented in this paper is 
that it supports further consideration of a new sensory approach to treatment that may 
complement existing approaches for young people in pain. The impact of sensory 
processing patterns on clinical outcomes, and the effectiveness of sensory modulation 
therapy for young people in pain, requires investigation.  
Limitations and Future Research 
The current study was cross-sectional; therefore, the causal impact of various sensory 
modulation patterns on disability cannot be determined. It remains unclear whether 
pain contributes to sensory differences, as a product of central sensitization following 
disease processes or injury [36], or whether adolescents with more extreme patterns of 
sensory modulation are more likely to develop persistent pain. Further research is 
warranted to better understand these associations.  
Although the AASP provides a measure of sensory modulation from an ecological 
context, research using quantitative sensory testing may provide greater accuracy 
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regarding specific neural thresholds, and the interactions between sensory modulation 
patterns, neural thresholds, pain and disability. If associations are found between 
these constructs, it is recommended that future studies include quantitative sensory 
testing in clinical populations. Further, self-report measures create potential biases 
relating to memory, or mood, and the results could be a manifestation of common 
method variance. Investigating autonomic processes related to sensory modulation 
patterns on engagement in activity through biological measures, such as heart rate 
variability, may support objective evidence of the associations found in the study.  
The high proportion of girls in the current study was unsurprising given evidence that 
persistent pain increases in frequency in adolescence for girls particularly [1]. 
Liverman and colleagues [92] suggest that changes in oestrogen following menarche 
are associated with increased pain and sensitivity for girls. Nevertheless, this gender 
imbalance limits the relevance of results to boys with persistent pain.  The differences 
in the gender composition between the two study samples (normative versus present 
study) highlights a potential challenge in the comparison of means and distribution 
[22]. No gender-specific means were reported for the sensory modulation patterns in 
the normative sample [22]. In the analyses, consideration was given to the finding that 
there was no significant difference for gender in the current study. In addition, no 
notable differences were found between genders for sensory modulation patterns in 
the sample; thus, the comparison was considered valid. Nevertheless, future studies 
should seek to include a more balanced gender representation and biological measures 
to consider the potential interactions of functional disability with hormonal changes.   
In addition to the limited generalization of the study in relation to gender, the sample 
did not include adolescents with persistent or recurrent pain secondary to medical 
conditions such as sickle cell anemia or JIA, and no participants in the present study 
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were receiving treatment for cancer-related illness, which may also limit 
generalization of the findings to these populations. Given the sample size, more 
complex analysis models to examine whether pain catastrophizing mediated the 
pathway from sensory modulation to disability, such as structural equation modeling 
(SEM), were not possible. Capacity to use these models would have enabled 
consideration of the nonlinear relationships between the variables [93, 94]. Therefore, 
it is recommended that the current exploratory study be replicated across multiple 
clinical sites with larger sample sizes, to strengthen the statistical reliability of the 
model and confidence in the generalization of these findings.  
Conclusion 
Adolescents with persistent pain were more likely to have atypical patterns of sensory 
modulation, which were associated with functional disability and lower QOL, but not 
pain intensity. The relationship between higher sensory sensitivity and both functional 
disability and lower emotional QOL, was mediated by pain catastrophizing. For 
adolescents with sensory over- and under-responsiveness, there is a need to 
investigate the potential of sensory modulation therapies to address the registration of 
sensation, regulation of arousal, and support behavioral responses that enable adaptive 
function.  
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Figure Legend 
Figure 1. Pathway between sensory modulation and functional disability mediated by 
pain catastrophizing 
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Table 1. Descriptive Details of Demographics for Adolescents, N=70 
Variable n M SD Female Male 
      
Age       
Range (13-18) 
70 15.63 1.15 63 (90%) 7 (10%) 
Primary Pain Site       
      Headache 21    17 4 
      Abdomen 6   5 1 
      Back 10   10 0 
      Lower limb 1   1 0 
      Upper Limb 16   15 1 
      Whole Body  12   11 1 
      Hip 2   2 0 
      CRPS* 2   2 0 
Country of Origin      
      Australia 70     
      Other 
Aboriginal or Torres 
Strait 
0 
1 
    
* Complex Regional Pain Syndrome  
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Table 2. Descriptive Statistics and Correlations Among Variables for Adolescents 
with Chronic Pain, N=70 
 M SD Ra
nge 
Alp
ha 
1 2 3 4 5 6 7 8 9 10 11 12 13 
1. Age  
 
15.
63 
1.1
5 
13-
18 
 1.
00 
            
2. SES 
 
6.3
4 
2.5
8 
1-
10 
0.8
3 
.1
9 
1.
00 
           
3. Pain 
Intensity  
5.1
1 
1.7
3 
0-9  -
.1
0 
-
.2
4* 
1.0
0 
          
4. 
Physical 
QOL  
44.
38 
21.
43 
0-
97 
0.7
8 
-
.0
8 
.0
2 
-
.50
*** 
1.0
0 
         
5. 
Emotion
al QOL  
50.
93 
22.
5 
0-
100 
0.7
7 
-
.1
9 
-
.0
5 
-
.31
** 
.61
*** 
1.0
0 
        
6. Social 
QOL  
68.
93 
23.
74 
5-
100 
0.7
8 
-
.1
3 
.0
7 
-.23 .61
*** 
.55
*** 
1.0
0 
       
7. 
School 
QOL  
45.
07 
21.
62 
0-
85 
0.7
9 
-
.1
3 
-
.0
1 
-.18 .47
*** 
.61
*** 
.57
*** 
1.0
0 
      
8. FDI  23.
46 
10.
78 
2-
52 
0.7
8 
.2
1 
-
.0
3 
.47
*** 
-
.85
*** 
-
.61
*** 
-
.59
*** 
-
.45
*** 
1.0
0 
     
9. Pain 
catastrop
hizing 
13.
91 
5.5
9 
4-
27 
0.7
8 
.2
8* 
.1
3 
.25
* 
-
.62
*** 
.70
*** 
-
.42
*** 
-
.41
*** 
.57
*** 
1.0
0 
    
10. Low 
Registrat
ion  
36.
49 
9.9
5 
18-
62 
0.8
0 
.0
5 
-
.0
9 
-.07 -.13 -
.31
** 
-
.35
** 
-
.49
*** 
.15 .10 1.0
0 
   
11. 
Sensory 
Seeking  
41.
17 
6.6
3 
26-
58 
0.8
3 
.1
0 
-
.0
3 
-.09 -.09 -.19 -.09 -.03 .05 .22 .10 1.
00 
  
12. 
Sensory 
Avoidin
g  
37.
29 
8.9
2 
21.
63 
0.8
0 
.1
5 
.0
3 
-.01 -
.24
* 
-
.31
** 
-
.32
** 
-
.26
* 
.21 .17 .49
*** 
-
.0
1 
1.0
0 
 
13. 
Sensory 
Sensitivi
ty 
38.
03 
9.2
7 
17-
67 
0.7
9 
.1
9 
.0
4 
.09 -
.35
** 
-
.41
*** 
-
.29
* 
-
.32
** 
.36
** 
.33
** 
.57
*** 
-
.0
3 
.73
*** 
1.
00 
 
Note: SES = Socio-Economic Status; FDI = Functional Disability Index; * p < 0.05  ** p < 0.01 *** 
p< 0.001; Age range (13-18); SES range (1-10); Pain Intensity range (0-10); Quality of Life Scales 
range (0-100); Functional Disability range (0-60); Pain Catastrophizing Scale range (0-28); Sensory 
Modulation Pattern range (0-75); alpha = standardized alpha coefficients 
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Table 3. Predictors of Functional Disability and Quality of Life, N=70 
 
 
Variable β Beta CI for Beta t F R2 Change Adjusted 
R2 
Physical Quality of 
Life 
       
Step 1     8.36***  .29 
Pain Intensity -5.79 -.46 -8.33 - -3.25 -4.56***    
Sensory Sensitivity -.66 -.28 -1.41 - .07 -1.79    
Sensory Avoiding -.07 -.03 -.79 - .64 -.20    
Low Registration -.01 .00 -.51 - .55 .06    
Step 2     14.61*** .19 .49 
Pain Intensity -4.57 -.36 -6.77 - -2.37 -4.15***    
Sensory Sensitivity -.16 -.07 -.82 -.49 -.51    
Sensory Avoiding -.20 -.08 -.81 - .41 -.65    
Low Registration .07 -.03 -.53 - .37 -.34    
Pain Catastrophizing -1.84 -.48 -2.56 - -1.13 -5.14***    
Emotional Quality of 
Life 
    5.73***  .21 
Step 1        
Pain Intensity -3.84 -.29 -6.66 - -1.03 -2.73***    
Sensory Sensitivity -.61 -.25 -1.43 - .21 -1.48    
Sensory Avoiding -.10 -.04 -.90 - .69 .27    
Low Registration -.38 -.17 -.98 - .20 -1.3    
Step 2     17.86*** .32 .54 
Pain Intensity -2.19 -.16 -4.38 - -.01 -2.01*    
Sensory Sensitivity .06 .01 -.59 - .71 .20    
Sensory Avoiding -.28 -.11 -.89 - .32 -.92    
Low Registration -.51 -.22 -.96 - .05 -2.26*    
Pain catastrophizing -2.5 -.62 -3.22 - -1.79 -7.03***    
Social Quality of Life        
Step 1     4.39**  .16 
Pain Intensity -3.51 -0.25 -6.58 – -
0.45 
-2.29*    
Sensory Sensitivity 0.08 0.03 - 0.81 – 
0.99 
0.2    
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Sensory Avoiding -0.53 -0.2 - 1.41 – 
0.33 
-1.23    
Low Registration -0.67 -0.28 -1.32 - - 
0.03 
-2.09*    
Step 2     6.25*** .11 .27 
Pain Intensity -2.57 -0.18 -5.40 – 0.44 -1.69    
Sensory Sensitivity 0.51 0.20 -0.36 – 1.39 1.18    
Sensory Avoiding -0.64 -0.24 -1.46 – 0.16 1.59    
Low Registration -0.75 -0.31 -1.36 – 0.15 - 2.51*    
Pain Catastrophizing  -1.58 -0.37 -2.53 - -0.62 3.31**    
School Quality of Life        
Step 1     6.37***  .24 
Pain Intensity -2.62 -0.21 -5.29 – 0.03 -1.97    
Sensory Sensitivity -0.07 -0.03 -0.85 – 0.70 -0.19    
Sensory Avoiding 0.00 0.00 -0.75 – 0.75 0.00    
Low Registration  -1.04 -0.48 -0.16 – 0.48 -3.71***    
Step 2     8.15*** .11 .39 
Pain Intensity -1.71 -0.13 -4.24 – 0.81 -1.35    
Sensory Sensitivity 0.29 0.12 -0.46 – 1.05 0.78    
Sensory Avoiding -0.09 -0.03 -0.80 – 0.61 -0.27    
Low Registration -1.11 -0.51 -1.64 – 0.59 -4.25***    
Pain Catastrophizing -1.38 -0.36 -2.21 - -0.55 -3.35**    
Functional Disability        
Step 1     7.97***  .28 
Pain Intensity 2.72 .43 1.42 - 4.01 4.19***    
Sensory Sensitivity 0.45 .38 0.07 - 0.83 2.37*    
Sensory Avoiding -0.09 -.08 - 0.46 - 0.27 -0.53    
Low Registration  0.01 .01 - 0.26 - 0.27 0.04    
Step 2     11.69*** .15 .43 
Pain Intensity 2.17 .34 0.99 - 3.36 3.69***    
Sensory Sensitivity 0.22 .19 - 0.12 - 0.58 1.30    
Sensory Avoiding 0.41 -.03 - 0.37 - 0.28 0.25    
Low Registration  0.04 .04 - 0.19 - 0.29 0.38    
Pain Catastrophizing 0.82 .42 0.43 - 1.20 4.26***    
 
*p < 0.05   **p < 0.01   ***p < 0.001 
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Table 4. Mediation Analyses for the relationships between sensory sensitivity, 
functional disability/quality of life, N=70 
 
Dependent 
Variable 
Path a Path b Indirect 
path 
a x b 
Direct Path 
c 
Mediation Bootstrappi
ng 
 β t β t β t β t  95% CI 
Physical 
QOL 
        Direct only  
Sensory 
Sensitivity 
.1
8 
2.79*
* 
  -
.1
5 
-1.77 -
.3
0 
-
3.08** 
 -.83-.10 
Pain 
intensity 
.7
1 
1.97 -
.3
6 
-
4.10**
* 
-
.3
6 
-
4.15**
* 
-
.4
6 
-
4.69**
* 
  
Pain 
catastrophizi
ng 
  -
.5
2 
-
5.94**
* 
-
.4
7 
-
5.15**
* 
    
Emotional 
QOL 
        Complement
ary 
 
Sensory 
sensitivity 
.1
8 
2.79*
* 
  -
.1
9 
-2.20* -
.3
8 
-
3.57** 
 -.88 - -.06 
Pain 
Intensity 
.7
1 
1.97 -
.1
4 
-1.60 -
.1
3 
-1.62 -
.2
7 
-2.54*   
Pain 
catastrophizi
ng 
  -
.6
6 
-
7.48**
* 
-
.5
9 
-
6.57** 
    
Social QOL         Direct only  
Sensory 
Sensitivity 
.1
8 
2.79*
* 
  -
.1
-1.53 -
.2
-
1.57** 
 -0.99 - .09 
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7 7 
Pain 
Intensity 
.7
1 
1.97 -
.1
3 
-1.21 -
.1
3 
-1.21 -
.2
0 
-1.83   
Pain 
catastrophizi
ng 
  -
.3
9 
-
3.45** 
-
.3
3 
-
2.81** 
    
School QOL         Direct only  
Sensory 
sensitivity 
.1
8 
2.79*
* 
  -
.2
1 
-1.82 -
.3
1 
-
2.70** 
 -1.02 - .03 
Pain 
Intensity 
.7
1 
1.97 -
.0
8 
-.71 -
.0
8 
-.71 -
.1
5 
-1.31   
Pain 
Catastrophizi
ng 
  -
.3
8 
-
3.35** 
-
.3
1 
-
2.64** 
    
Functional 
Disability 
        Complement
ary 
 
Sensory 
Sensitivity 
.1
8 
2.79*
* 
  .1
9 
2.07* .3
2 
3.26**  .00 - .46 
Pain 
Intensity 
.7
1 
1.97 .3
4 
3.67**
* 
.3
4 
3.74**
* 
.4
3 
4.35**
* 
  
Pain 
Catastrophizi
ng 
  .4
8 
5.17**
* 
.4
2 
4.34**
* 
    
 
* p < .05; ** p < .01; *** p < 0.001; Adj R
2
= adjusted R
2; 
CI = confidence interval 
QOL =  quality of life 
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Figure 1. Pathway between sensory modulation and functional disability/QOL 
mediated by pain catastrophizing 
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